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Abstract. We analyze a time series of high angular resolution magnetograms of quiet Sun Inter-Network (IN) magnetic fields.
These magnetograms have a spatial resolution better than 0.′′5, a noise of some 20 G, and they have been obtained at the disk
center during the minimum of the solar cycle. The IN regions show a typical unsigned flux density of the order of 15 G.
Signals occur, preferentially, in the intergranular lanes, and the strongest signals trace a network with a scale similar to the
mesogranulation. All these features are consistent with the IN magnetograms by Domı´nguez Cerden˜a et al. (2003a,b), obtained
during the maximum of the solar cycle. Consequently, the unsigned magnetic flux of the structures that give rise to the IN
polarization signals does not seem to undergo large variations during the solar cycle.
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1. Rationale
This note follows up the works by Domı´nguez Cerden˜a et al.
(2003a,b), where we analyzed high spatial resolution magne-
tograms of a quiet Sun Inter-Network (IN) region1. The IN
magnetograms turned out to show much more unsigned mag-
netic flux than the values reported in the literature so far. In
particular, the flux is larger than the unsigned flux in the form
of active regions, which suggests the importance of the IN as
far as the global magnetic properties of the Sun is concerned.
(See the papers cited above and the references therein.)
Here I analyze a different series of quiet Sun magne-
tograms obtained by G. Scharmer2 during the developmen-
tal phases of a magnetograph for the Swedish Vacuum Solar
Telescope (SVST, Scharmer et al. 1985; Scharmer 1989). They
are similar in angular resolution (0.′′5) and magnetic sensi-
tivity (20 G) to those in Domı´nguez Cerden˜a et al. (2003a,b)
and, therefore, they offer an independent test for their results.
Send offprint requests to: J. Sa´nchez Almeida
Correspondence to: jos@ll.iac.es
1 The IN regions are those photospheric regions appearing as non-
magnetic in routine synoptic magnetograms. Magnetic signals in
such regions were first reported by Livingston & Harvey (1975) and
Smithson (1975), and they appear in the literature with different
names, e.g., inner network fields, intranetwork fields, granular fields,
turbulent fields, etc.
2 Quoted to be the series with higher angular resolution and polari-
metric sensitivity obtained with the Swedish Vacuum Solar Telescope
and this instrumentation; Scharmer 2003, private communication.
Moreover, the SVST observations were obtained during the
minimum of the solar cycle (February 1996), as opposed to
those of Domı´nguez Cerden˜a et al. (2003a,b), gathered 6 years
later (April 2002). This fortunate circumstance allows us to set
constraints on the variation of the IN magnetic flux during the
solar cycle.
The dataset and its calibration are discussed in Sect. 2. The
results are put forward in Sect. 3. The implications of these
results in the context of the previous IN measurements are dis-
cussed in Sect. 4.
2. Observations and calibrations
The quiet Sun region was observed on February 9, 1996,
during the minimum of the solar cycle. A Field-Of-View
(FOV) of 59′′ × 81′′ includes several IN regions located very
close to the solar disk center (see Fig. 1; the identification
of the FOV within the Kitt Peak magnetogram was made by
Stenflo & Holzreuter 2003). The 0.′′16 pixel size slighly under-
samples the Airy disk of an ideal telescope with the diameter
of the SVST (≃ 50 cm) at the working wavelength (≃ 5250
Å). The time series spans some 40 min, with a 1 min cadence.
Every snapshot of the series is made out of 44 images, each
one with 210 ms exposure time. These images were selected
as those of highest contrast during the 1 min interval of the ca-
dence. The use of such frame selection technique contributes
to the good spatial resolution of the resulting magnetograms.
In addition, a tip-tilt mirror corrected for image motion dur-
ing the individual exposures. The magnetograph consists of
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Fig. 1. Location of the SVST magnetograms on the solar surface. a) Kitt Peak full disk magnetogram of the same date obtained
some 1/2 hours later than the SVST magnetograms. b) Blowup of the rectangle in a. The new box indicates the position of the
SVST magnetograms. c) SVST magnetogram. d) Blowup of the box in c. It corresponds to an IN region, as can be deduced
by comparison with the magnetogram in b. All spatial scales are in arcsec refereed to the solar disk center. The scale of grays
saturates at ±80 G. Note that the aspect ratio of the different images is different.
a nematic liquid crystal variable retarder, followed by a po-
larizing beam splitter and a narrow band Lyot filter (see also
Zhang et al. 1998). The use of the beam splitter ameliorates the
seeing induced instrumental polarization (see Lites 1987). The
filter was tuned to select a wing of the magnetically sensitive
line of Fe  at 5250.2 Å. It provides only a moderate spectral
resolution (150 mÅ at Full Width Half Maximum, FWHM).
The central wavelength of the observation is unknown, since it
was set by trial and error maximizing the polarization signals
in some test magnetograms.
The magnetograms were provided uncalibrated, as a de-
gree of circular polarization V/I at the wavelength of obser-
vation. They have to be calibrated in units of flux densities
(Mx cm−2) to allow comparison with other observations (Since
1 Mx cm−2 = 1 G, it is usual to employ G as the flux density
unit, which is the convention adopted in this note.) Following
the standard procedure, the calibration is based on the magne-
tograph equation which yields a linear relationship bewteen the
Sa´nchez Almeida: Internetwork magnetic fields during solar minimum 3
longitudinal magnetic flux density Beff and the observed circu-
lar polarization (e.g., Unno 1956; Landi Degl’Innocenti 1992),
Beff = K V/I. (1)
Calibrating the magnetograms is therefore equivalent to de-
termining the constant K, which is a non-trivial step since it
depends on details of the observational setup (wavelength of
observation, bandpass of the color filter, spectral line, thermo-
dynamics of the atmosphere producing the polarization, etc).
We estimate the calibration constant in the quiet Sun, K(quiet),
from the signal (V/I)0 observed in a pore existing in the FOV,
K(quiet) =
[
B0
K(quiet)
K(pore)
] 1
(V/I)0 . (2)
The flux density of the pore B0 is assumed to be known,
B0 ≃ 1650 G ± 250 G, (3)
with the error bar accounting for the range of values found
in the literature (Su¨tterlin 1998, and references therein). The
weakening factor in Eq. (2), K(quiet)/K(pore), differs from
one, and it has to be estimated. The line Fe  λ5250 Å weak-
ens with increasing temperature, and one expects a variation of
the calibration constant between the atmospheres of a cold pore
and the magnetic quiet Sun (e.g., Chapman & Sheeley 1968;
Harvey & Livingston 1969). We estimate the weakening factor
synthesizing Stokes V profiles in various model atmospheres
with different thermodynamic conditions but the same flux den-
sity. Then the ratio of calibration constants between two of such
models is the inverse of the ratio of magnetograph signals (see
Eq. (1)),
K(1)
K(2) =
(V/I)2
(V/I)1 . (4)
The indexes 1 and 2 tag the two models. Using this equation
and the dashed curve in Fig. 2, one finds
K(quiet)
K(pore) ≃ 1.6 ± 0.4. (5)
We have assumed the pore to be similar to a small sunspot, and
the magnetic quiet Sun thermodynamics to lie in between the
unmagnetized quiet Sun and the network. This range of pos-
sibilities provides the error bars given in Eq. (5). The other
curves in Fig. 2 show that the weakening depends very little
on the field strength of the model atmospheres (as far as the
pore field strength is in the kG regime). Using Eqs. (3) and (5),
B0
K(quiet)
K(pore) ≃ 2600 G ± 1100 G, (6)
which, together with Eqs. (1) and (2), render the final calibra-
tion,
Beff = (2600 G ± 1100 G) V/I(V/I)0 . (7)
The calibration procedure described above has the draw-
back of being model dependent. However, it automatically
corrects for several potentially important systematic effects.
First, the depolarization introduced by the SVST is believed
Fig. 2. Synthetic magnetograph signals V/I for various model
atmospheres with different thermodynamic properties, thus
leading to different continuum intensity Ic. The polarization
and continuum intensities of Fe  λ5250 Å are refereed to the
signals in the quiet Sun model atmosphere by Maltby et al.
(1986, the diamond symbol). The figure also includes syn-
thetic signals for a model small sunspot (Collados et al. 1994,
the box symbol), a model network (Solanki 1986, the times
symbol), and a model plage (Solanki 1986, the asterisk). The
magnetic field strength is constant with height and identical in
all these four cases (1500 G). The microturbulence has been
set to 1 km s−1 whereas the color filter has been assumed to be
Gaussian with a FWHM of 150 mÅ. Following the observa-
tional procedure, the wavelength of observation has been cho-
sen as that providing the largest V signal. The solid line repre-
sents a set of model atmospheres whose thermodynamic con-
ditions are linear combinations of the two most extreme model
atmospheres (network and sunspot). The dotted line and the
dotted-dashed line represent the same set of interpolated mod-
els except that the field strengths have been chosen to be 2500
G and 100 G, respectively (see the inset). Finally, the dashed
line shows the curve used for calibration. It is identical to the
solid line, except that when the continuum intensity was larger
than one, then I from the quiet Sun synthesis was used to com-
pute V/I. This artifice tries to account for the fact that the
quiet Sun magnetic structures producing the observed signals
are spatially unresolved (see, e.g., Domı´nguez Cerden˜a et al.
2003a,b). Then the observed Stokes I comes from a mean pho-
tosphere, rather than from the magnetic atmosphere.
to be large (e.g., the model Mueller matrix described by
Sa´nchez Almeida et al. 1997 shows it to be as large as 50%).
The use of a ratio of signals, rather than V/I alone, cancels it
out.3 Second, it accounts for the so-called saturation, since the
fact that the Fe  λ5250 Å polarization signals are not strictly
proportional to the flux density for kG fields is taken into ac-
3 One may also be concerned by the contamination of the Stokes
V signals with linear polarization signals. Although the SVST linear-
to-circular polarization crosstalk is believed to be large, the solar lin-
ear polarization signals are very small (e.g., Sa´nchez Almeida & Lites
2000), rendering a small contamination.
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count by the syntheses. Finally, the calibration procedure al-
lows to estimate the uncertainties involved in the calibration
procedure, which will be used to assess the reliability of the
conclusions.
The noise in the magnetograms was estimated from the dif-
ference between the signals of neighbor pixels, and from sig-
nals of the same pixel obtained in consecutive time steps. The
noise of neighbor pixels is independent so, if the true signal
in these pixels is assumed to be the same, then the difference
only bears noise. Specifically, the standard deviation of the dif-
ference is
√
2 times the noise in a single pixel. We use the full
series of magnetograms shifted in various directions to estimate
the noise. All of them yield similar results; the noise turns out
to be of the order of 20 G, a figure that we adopt for the noise
level. Note that this value depends on the calibration of the
magnetograms so it is 20±9 G, where the error bar just scales
the uncertainty in Eq. (7).
In order to characterize the angular resolution of the obser-
vation, we rely on the power spectrum of the intensity images
of the series. Figure 3 shows the azimuthally integrated power
spectra of the three best images. They are the best images in
the sense of having the largest power in a high frequency band-
pass relative to the power in a noise bandpass (see the hashed
regions in Fig. 3). It is clear that signals exist up to a frequency
larger than 2 arcsec−1, which corresponds to a period of 0.′′5.
The contrast of these best images, i.e., the standard deviation
over the mean value, is some 7%. The best image in the series
is chosen in the next section to quantify the amount of magnetic
flux existing in the IN regions of the magnetograms. (All good
snapshots provide similar fluxes.)
3. Results
Following Domı´nguez Cerden˜a et al. (2003a,b), we character-
ize the amount of magnetic signals in the IN regions using
the mean unsigned flux density, i.e., the mean value of the
calibrated magnetogram once those signals below a threshold
have been set to zero. (This quantity is defined in Eq. (16) of
Domı´nguez Cerden˜a et al. 2003b.) As it is worked out in the
previous section, the noise in the magnetograms is of the order
of 20 G. We use a threshold twice this value to minimize the
contamination by noise. Three IN regions in the FOV were se-
lected for analysis (see Fig. 4). The unsigned flux densities of
the three regions are given in Table 1. All of them show similar
values, which are of the order of 15 G. The table also includes
the mean signed flux density (defined as the unsigned flux den-
sity but considering the sign of the signals), and the fraction
of FOV covered by magnetic signals above noise. The same
table contains the unsigned flux density of the magnetograms
analyzed in Domı´nguez Cerden˜a et al. (2003a,b) once the 40 G
threshold used in this paper is taken into account. The unsigned
flux is some 10 G and therefore slightly smaller than the values
that we obtain here. The same happens with the area covered
by the signals, which is some 17% instead of the 25% of the
SVST magnetograms. However, the uncertainty of the calibra-
tion can easily cope with the difference. Should the calibration
constant be the lower limit in Eq. (6) (1500 G), then the mean
flux density would drop down to some 8 G.
Fig. 3. Azimuthally integrated power spectra of the three best
intensity images in the series. The spatial frequency, s, is given
in arcsec−1. The images were selected as those whose power
in the high-frequency signal bandpass (1.7 arcsec−1 < s <
2 arcsec−1) is largest as refereed to the power in the noise band-
pass (2.7 arcsec−1 < s < 3 arcsec−1). (The hashed regions of
the plot represent these bandpasses.) Note that signals exist up
to frequencies larger than 2 arcsec−1, which corresponds to a
period of 0.′′5. The units of the power spectra have been arbi-
trarily chosen so that the maximum power is of the order of
one.
Another clear result of the magnetograms of
Domı´nguez Cerden˜a et al. is the preference of the signals
to appear on intergranular lanes. The same tendency is also
found in the SVST magnetograms. Figure 5 shows the inten-
sity image of IN region # 1 overlaid with the corresponding
magnetogram represented as contours. The magnetic signals
show up on intergranular lanes, although not exclusively in
there.
Yet another result of the works by
Domı´nguez Cerden˜a et al. is the existence of a web-like
pattern with the spatial scale of the mesogranulation (say,
between 5′′and 10′′). This pattern is traced by the largest
polarization signals. Although the pattern is not so clear in
the magnetograms studied here, they contain small regions
devoid of strong signals. Figure 6 contains two versions of the
full FOV magnetogram showing signals within a certain range
of flux densities. Figure 6a represents the strongest signals
(larger than 150 G). It clearly depicts the supergranulation; the
circle in the image has a diameter of 30′′, characteristic of
the network pattern (e.g., Beckers 1981). Figure 6b shows the
strongest among the IN signals (signals whose absolute value
ranges between 60 G and 100 G). Voids with the mesogranular
size are present (the circle on the image, with a diameter of 6′′,
shows a scale typical of the mesogranular pattern; see, e.g.,
November et al. 1981; Deubner 1989).
4. Conclusions
We estimate that the unsigned IN flux density at the disk
center is of the order of 15±6 G. Some 25% of the IN re-
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Fig. 6. Absolute value of the signals in the magnetogram for selected ranges of flux densities. a) Strongest signals in the magne-
togram, i.e., those whose unsigned flux density is larger than 150 G. They trace the network. (The artificial circle, with a diameter
of 30′′, has the typical size of a network cells.) b) Only strong IN signals are shown (flux densities between 60 G and 100 G).
The circle has a diameter of 6′′, typical of the mesogranular pattern.
Table 1. Mean flux densities in the magnetograms.
Unsigned Fluxa Signed Flux Surface Coverage Thresholda
[G] [G] % [G]
IN Region # 1b 15±6 -5 28 40±17
IN Region # 2b 13±6 -1 22 40±17
IN Region # 3b 17±7 -3 26 40±17
full FOV 30±13 11 30 40±17
referencec 10 17 40
referencec 14 28 30
Kitt Peak full FOVd 9 8 8 40
a The error bars account for the uncertainties in the calibration given in Eq. (7).
b Defined in Fig. 4.
c From the Fe  6301 Å magnetogram in Domı´nguez Cerden˜a et al. (2003a,b).
d For the box shown in Fig. 1b.
gions is covered by signals above 40 G. (See Table 1 for a
summary of results.) These figures for the unsigned flux den-
sity and area coverage are, within uncertainties, compatible
with those obtained by Domı´nguez Cerden˜a et al. (2003a,b)
from magnetograms with similar angular resolution and a
slightly better polarimetric sensitivity. The overall agreement
has two main implications. First, this independent data set
confirms the richness of IN magnetic features found by
Domı´nguez Cerden˜a et al. (2003a,b). Second, the SVST data
used here was taken during the solar minimum, as opposed to
the data by Domı´nguez Cerden˜a et al. obtained at maximum.
Since both datasets are consistent, we conclude that the IN
flux density does not seem to vary along the cycle by more
than ±40% (i.e., within the error bars for the calibration of the
present magnetograms). This narrow margin has to be com-
pared with the signals of active regions. Active region flux at
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Fig. 4. Kitt peak magnetogram showing the three regions of
the SVST magnetograms used for analysis. Note that they cor-
respond to IN regions. The FOV is identical to Fig. 1b, but the
signals are now scaled between +150 G and −150 G for clarify.
Fig. 5. Intensity image of the IN region # 1, with the contours
representing the magnetogram of the same region. Note how
most of the signals are co-spatial with intergranular lanes, al-
though this association is not one-to-one. The contours corre-
sponds to ±30 G, ±50 G, ±70 G and ±90 G, with the solid and
dotted lines representing positive and negative polarities, re-
spectively.
maximum is more than 10 times larger than the signals at min-
imum (see, e.g., Harvey-Angle 1993, Ch. 12, Fig. 9). The lack
of IN flux variation suggests that active regions and IN fields
have a different origin. In particular, it discard that the IN flux
results from the decay of active regions, since it should be mod-
ulated according to the sunspot cycle.4 These arguments are
borrowed from Hagenaar et al. (2003), who use them to indi-
cate the need of two uncoupled dynamos to produce active re-
gions and network magnetic fields.
Obviously, the lack of variation along the cycle refers only
to the kind of measurements that we analyze, i.e., 0.′′5 angu-
lar resolution disk center observations of visible Zeeman sig-
nals above 40 G. For example, we have no information on
the variation of the signals with latitude. Similarly, our re-
sult neither contradicts nor supports claims on the variation
of the Hanle signals along the cycle (Faurobert et al. 2001).
Hanle signals are tracing weak intrinsic field strengths which
are probably not responsible for the polarization signals of vis-
ible spectral lines (see, e.g., Sa´nchez Almeida & Lites 2000;
Socas-Navarro & Sa´nchez Almeida 2003).
Let us finish with a speculative detour. Stars with convec-
tive envelopes show emission in UV lines, which indicates the
presence of hot chromospheres. Such emission has two com-
ponents. One component is associated with the existence of
magnetic fields, since it is well correlated with the parame-
ters that characterize the efficiency of a global stellar dynamo.
The second component, called basal flux, is always present
independently of the stellar indexes tracing magnetic activity.
According to the current paradigm, the origin of the basal flux
is non-magnetic, being the residual heating due to dissipation
of upward propagating waves. (For a full account of the cur-
rent paradigm, see Schrijver 1995; see also Wunnenberg et al.
2002.) However, a magnetic field component whose properties
remain constant along the cycle could also produce a residual
chromospheric emission (see, e.g., Judge & Carpenter 1998).
The IN magnetic fields seems to fulfill this requirement and,
therefore, they may contribute to the basal flux of the Sun and
other solar-type stars.
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